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1. INTRODUCTI9N 

This Second Quarterly Report is submitted i n  compliance with 

Contract NAS 9-3924. 

develop thin-film act ive devices and passive c i r c u i t  elements f o r  use 

a t  ultrahigh frequencies. 

design of a Thin-Film Personal Communications and Telemetry System (TFPCTS) 

i n  monotronic form. 

Phase A of  th i s  contract i s  a research e f f o r t  t o  

The th in- f i lm components w i l l  be used i n  the 

A t  t h i s  time, there  have been no unexpected problems o r  delays. 

Work is  progressing smoothly i n  accordance with the PERT time table, which 

is  presented i n  an up-to-date version a t  t h i s  six-month point i n  phase A,  

The revised PERT Chart has the  appropriate bubbles shaded t o  indicate  

approximately the  v a 5 . 0 ~ ~  s t a t e s  of r-cmpletion of each task, 

The areas of e f f o r t  are outlined i n  t h i s  repor t  in the same manner 

as the F i r s t  Quarterly Report. 

Substrate Invest igat iont1 which was completed i n  the  F i r s t  Quarterly Report. 

The 'lDielectric Investigation" i s  completed i n  t h i s  report. 

capacitors have been determined t o  be very sa t i s fac tory  i n  performance a t  

frequencies above 300 megacycles per second. 

The exception i s  the "High-frequency 

Substrates and 

The work on new semiconductor materials fo r  high-frequency f ie ld-  

effect t r iodes has lead  t o  f i e l d  effect  being observed i n  many new o r  

untr ied materials. The next s tep  i n  t he  development of a high-frequency 

thin-film tr iode i n  phase A is  the selection of the  most promising thin- 

f i l m  semiconductors and t h e i r  intensive and exclusive investigation. 

event i s  shown on t h e  PBRT Chart in  the TFT Formation l i n e  i n  the  Selection 

This 
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of  Semiconductor Materials bubble. 

materials seems to  be CdTe. The thin-film smiconductors which have been 

used t o  form the most successful TFTb are  CdSe, CdS, and Te. Although 

these last-mentioned semiconductors have been extensively used, t he i r  

thin-film e l ec t r i ca l  parameters have by no means been optimized. 

the opinion of researchers i n  t h i s  laboratory that  these materials, CdTe, 

CdSe, CdS,and Te, i n  conjunction with a sui table  device geometry, hold 

the most promise of fabricating a high-frequency thin-film triode.  

fore, the work i n  t h i s  area w i l l  now be concentrated on the  vacuum- 

deposition techniques fo r  optimizing the thin-film e l ec t r i ca l  parameters 

of these four semiconductor materials . 

The most promising of the “newT1 

It i s  

There- 

The metal base t rans is tor  research e f f o r t  has been predominantly 

the optimization of the formation of junctions. 

successful i n  t h a t  t h e i r  parameters a re  comparable i n  most  aspects with 

commercial p-n junction diodes. Therefore, t he  e f f o r t  on diodes which was 

scheduled t o  begin i n  the 30th week of  t h i s  contract was incorporated with 

the metal. base t rans is tor  e f f o r t  and begun t h i s  quarter. 

These junctions have been 

The inductor effort ,  which has long passed i t s  scheduled work e f for t ,  

seems t o  lead continually t o  further investigations. 

therefore, w i l l .  continue, 

f e r r i t e  i s  actual ly  being formed through the use of vacuum-deposition 

techniques exclusively. 

before any f i n a l  conclusions can be drawn. 

the PERT Chart, has been extended f r o m  36 weeks (40 man-weeks) t o  40 weeks 

(45 man-weeks) t o  ensure a thorough investigation. 

Work i n  t h i s  area, 

Farr i te  fiLm a s  pmi i is i i ig  ’m t h a t  a type of 

More research and classif icat ion a re  necessary 

This effor t ,  as indicated on 

Detailed accounts of progress during t h i s  quarter are presented i n  

the following sections. 
7 
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2 HIGH-FREQUENCY THIN-FILM TRIODES 

During this quarter, several  d i f fe ren t  semiconductor materials were 
1 

The e l ec t r i ca l  measurements considered are Hall i n i t i a l ly  investigated. 

e f f ec t  and 

useful f o r  evaluating semiconductor films f o r  use i n  thin-film f ie ld-effect  

i e l d  e f f ec t  ( d r i f t  mobility). These measurements are the  most f 
t r iodes (TFTs) 

t e l lu r ide  (Ag2Te), bismuth t e l lu r ide  (BiZTe3), lead t e l l u r i d e  (PbTe) , man- 

ganese t e l lu r ide  (MnTe), t i n  sulf ide (SnS), bismuth selenide (Bi2Se3), and 

manganese selenide (MnSe). 

Metals, Kern Chemical CO., and X Rr K Labdratories. 

The materials studied were cadmium t e l l u r i d e  (CdTe) , silver 

These materials were obtained f r o m  Perm Rare 

The basic vacuum-system setup reported f o r  Te evaporations i n  Quarterly 

Report No. 1 (Fig. 3 ,  p. 15) was used f o r  depositing the  semiconductor films 

discussed here. 

Corning glass  substrates  (code 0211, 10 mils th ick)  were used. Nichrom 
0 

source-drain electrodes were deposited 1500 A th ick  with a source-drain 

spacing 0.5 mil and 100 mils i n  length (1/200 square). 

The semiconductor f i l m s  were deposited from a molybdenum boat using 

SO-mg charges of material. 

by a substrate  outgassing i n  vacuum (lom6 mm Hg) a t  4OO0C f o r  f i v e  minutes, 

The usual procedure was t o  precede the  deposition 

followed by a 30-minute cooling period. 

t ion,  t h e  substrates  were a t  a temperature of 40°C. 

A t  the t i m e  of semicoductor deposi- 

A n  Si0 deposit of 1500 thick, followed by a 500 P A 1  gate electrode, 

was used t o  complete t h e  device structure t o  observe device character is t ics  

u t i l i z i n g  t h e  semiconductor layers  l i s ted .  

9 



Work is  a l so  being continued w i t h  the semiconductors which are known 

t o  form successful TFTs: 

selenide (CdSe). 

approach t o  the fabrication of high-frequency TFTs. 

2 , l  

Cadmium Telluride 

tellurium (Te), cadmium sulf ide (CdS), and cadmium 

The optimization of these f i l m s  presents the most promising 

Properties of Semiconductor Films I n i t i a l l y  Investigated 

The evaluation of these films indicated that the  r a t e  of deposition 

determined by the source-boat temperature great ly  affected the film e lec t r i -  

c a l  properties. 

i n  a film-growth rate greater than 300 A per second, were found t o  be very 

high i n  r e s i s t i v i ty ,  

300 

i n  the l a t t e r  case, the fi lms are  primarily disassociated Te. 

based on the expected r e s i s t i v i t y  range found i n  pure Te deposits, and tha t  

the unevaporated charge residue was found t o  be a yellowish color, signifying 

excessive cadmium content. 

Films deposited from a boat held above 600°C, which resul ted 
0 

Films deposited from a boat heated i n  the  range of 

It is  suspected that,  0 0 t o  500 C resulted i n  ra ther  low res i s t iv i ty .  

T h i s  is 

The films exhibited ltpn=type conductivity. 

A t  higher boat temperatures, it is  believed t h a t  the f i lms a re  deposited 

with a closer stoichiometric r a t i o  of 1 t o  1 f o r  the two elements forming 

the compoundo 

cadmium or other material  may be necessary. 

To form an %"-type deposit from a CdTe charge, an excess of 

Figure 1 i l l u s t r a t e s  the e l ec t r i ca l  character is t ics  of a CdTe TFT as 

observed on the 575 (Tektronix) curve tracer.  Operation with both plus and 

minus drain voltage and positive and negative gate stepping i s  demonstrated 

through the  use of a double-exposure photograph. 

10 
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Figure 1. Characteristics of CdTe TFT 

Figure 2. Characteristics of PbTe TFT 
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This device was formed by depositing CdTe from a boat held a t  .hOO°C 

during the evaporation. A s  may be seen, ttpinchofftn i s  not achieved i n  

e i t h e r  the posi t ive or  negative direction. I n  general, the  charac te r i s t ics  

observed were s imilar  t o  poor-quality Te devices. 

Lead Telluride 

Film resistivity was found t o  be considerably less dependent on t h e  

rate of deposition than fo r  CdTe layers. 

used t o  deposit  f i lms of 200A a t  a r a t e  of SOA per  second. Figure 2 

A boat temperature of SOO°C was  
0 0 

i l l u s t r a t e s  e l e c t r i c a l  character is t ics  observed on the  curve t racer .  Again, 

the  general charac te r i s t ics  observed were similar t o  poor-quality Te devices. 

S i lve r  Telluride 
0 

Films were deposited from a boat held a t  500 C during t h e  evaporation 

Films deposited t o  a thickness 
0 

a t  a rate of approximately SOA per second. 

of 2000i exhibited Hall mobil i t ies  of up t o  400 cm /volt sec. 

mobili ty could be obtained with thicker films. Unfortunately, the relatively 

high mobility figure could not be taken advantage of because films of such 

thickness exhibited very l i t t l e ,  if any, f i e l d  effect, which is probably due 

t o  the l a rge  number of carr iers .  

2 Higher 

Elec t r ica l  parameters and t h e  Hall measure- 

ments indicate  that the  f i l m s  are Wt type (par t icular ly  f o r  the thicker 

films), thereby giving indication that  they may have compound properties and 

are not predominated by elemental t e lhWL~~n,  which i s  normally Itp" type i n  

f i lm  form. 

Character is t ics  of completed TFTs u t i l i z ing  th in  Ag2Te3 fi lms of approxi- 
0 

mately SOOA could be observed as shown i n  figure 3. Almost compatible opera- 

t i o n  i n  t h e  negative and posit ive areas indicates  t h a t  the saniconductor 

layer i s  neither strongly Itptt nor onw type i n  conductivity, 

12 



to. l m a  Vg = t 2V,/STEP 

RL = 2K OHMS 
BIAS = 0 VOLTS 

-5v 0 t5v 

(Vdf 

Figure 3. Characteristics of Ag2Te3 TFT 

1.Orna 

( id) 0.5mo 

Vg = t2VISTEP 
RL = 10K OHMS 

BIAS = t 6  VOLTS 
(BOTTOM STEP) 

Figure 4. Characteristics of BiaSeg TFT 
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Bismuth Selenide 

Films deposited from a bismuth selenide charge were generally very low 

A boat temperature of 6OO0C i n  resistance, regardless of evaporation rate.  

fo r  a period of 1 minute resulted i n  a f i l m  200A thick. 

a s l i gh t  anneal a t  150°C f o r  f ive minutes before withdrawing from vacuumo 

(The te l lur ides  l i s t e d  here will re-evaporate or diffuse en t i re ly  i f  heated 

i n  vacuum t o  temperatures greater than 100°C f o r  periods of f ive  minutes o r  

moreo ) 

0 
This f i l m  was given 

Characteristics of the complete device, u t i l i z ing  the f i lm described, 

are  shown i n  f igure 4. Care was taken t o  ensure t h a t  the  curves i l l u s t r a t ed  

were not merely d ie lec t r ic  breakdown which may i l l u s t r a t e  a similar pattern. 

I n  general, f i e l d  e f f ec t  was very poor and no Hall mobility could be detected. 

The conductivity type i s  usually %.?I 

Bismuth Telluride 

Bismuth t e l lu r ide  films exhibited very low r e s i s t i v i t y  regardless of  

r a t e  of deposition (boat temperature). No f i e ld  e f fec t  was detected i n  

these first films formed. Neither Hall mobility nor conductivity type 

could be detected. 

Manganese Selenide 

A boat temperature of 1 0 0 0 ° C  was required t o  obtain a deposition r a t e  

of SOX/sec. Film thicknesses of approximately 1700g were studied i n  device 

structures.  H a l l  mobility was not detectable. Figure 5 i l l u s t r a t e s  the  

e l e c t r i c a l  f ie ld-effect  characterist ics observed i n  a completed device, 

14 
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Figure 5. Characteristics of MnSe TFT 

Vg = t %/STEP 
RL = 2K OHMS 

BIAS = 0 V 

Figure 6. Characteristics of MnTe TFT 
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Manganese Telluride 

A boat temperature of 400°C was sufficient t o  deposit films from this 

material a t  a r a t e  of l O O g  per second. 

10008 thick. See figure 60 

F i b s  studied were approximately 

Hall mobility was very law for  these films unless a post bake i n  a i r  

a t  300°C for  two minutes was performed. 

Hall mobili t ies of up t o  40 cm /volt secwere measured. 

I n  films t reated with the post bake, 

2 The  post bake and 

the resul t ing higher mobility obtained, however, did not improve the f i e ld  

e f f ec t  noted. The post-bake films indicated npN type conductivity i n  Hall 

measurement. 

ones i n  which f i e l d  e f f ec t  could be displayed on the curve tracer;  these 

Films not undergoing post treatment, however, were the  only 

. 

curves indicated the film may be %" type. 

The heat treatment i n  air resul ts  i n  a d ras t i c  drop i n  resistance 

between the source and drain electrodes. For example, one sample read a 

resistance of 1.8 megohms before air bake, and then dropped rapidly t o  16K 

after t h e  a i r  bake. No explanation w i l l  be attempted u n t i l  more s tudies  

are  made of these films, 

Tin Sulfide 

A t  a boat temperature of 600°C,a film deposition of approximately 

10O@sec occurred. 

exhibited Wp'f type conductivity w i t h  a very low Halknobi l i ty  measurement 

of l e s s  than 1 cm /volt sec. 

c i rcu i t s ,bu t  s o  low a s  not t o  be able t o  be displayed on the  curve tracer. 

The films studied were 2000g t o  300d thick, The films 

2 Field e f fec t  was detectable on sensi t ive t e s t  

16 



2.2 Properties of Semiconductor Films t o  be Optimized 

Tellurium TFTs 

Continued improvement i n  the formation of T e  TFTs was achieved t h i s  
, 

quarter. 

disclosed l a s t  quarter, except that a molybdenum boat i s  being used rather  

Evaporations a re  being carried out i n  the same general manner as 

than an intermetall ic compound crucible. Reaction between the  molybdenum 

and Te has not been found t o  be severe. 

platinum and graphite, were t r ied,  but with lesser  success. 

Other heater sources, such as 

The Te reacted 

with platinum and there was in fe r io r  r e su l t s  when using a graphite crucible, 

The importance of a s t ra ight  metal boat i n  d i r ec t  contact t o  the  source (Te) 

i s  the closer control of temperature f o r  deposition. 

Figure 7 i l l u s t r a t e s  the character is t ics  of three Te devices operating 

a t  different  bias  levels  and loads. It i s  obvious that be t te r  pinchoff is 

achieved a t  lower operating levels. 

diss ipat ion of the bottom characterist ics of greater than 200 m i l l i w a t t s .  

It may be of i n t e re s t  t o  note Cne pwtx 

These devices u t i l i zed  Te films of approldmately 200g thick and an 

S i0  d i e l ec t r i c  of approximately 15001. 

1200A) are  spaced by a 10-micron gap with a length of 100 m i l s .  

gate of two mils i n  width completes the  device. 

Cadmium Selenide and Cadmium Sulfide TFTs 

The source-drain electrodes (nichrome 
0 An aluminum 

Work was attenuated on devices u t i l i z ing  these layers t h i s  quarter so 

t h a t  other materials might be investigated. 

were similar t o  those reported i n  the first quarterly report, except t ha t  

transconductance values have improved by reducing the source-drain spacing 

t o  f i v e  microns. 

Generally, the parameters noted 

17 



Figure 7. Characteristics of Te TFTs Operated at Different Bias Levels 
and Loads 
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Source-drain spacings of 2,s microns have been formed; the gate e lec-  

trode width, however, i s  s t i l l  a problem area. Thus far, it has been found 

d i f f i c u l t  t o  make  standard etched masks with openings of much less  than 0.5 

m i l  and s t i l l  obtain sui table  depositions of t h i s  electrode, 

A t  present, nickel-formed masks are being prepared f o r  use i n  forming 

narrow gate electrodes, I n  addition, use of closely spaced wires and other 

techniques i s  being investigated, 

2,3 Environmental Control 

The air-conditioning phase of the "dry roomIt w a s  completed on June 18, 

and the  r e l a t ive  humidity i s  now maintained a t  25% or below. Some of the 

work i s  now being performed i n  the  dry room, Two twin vacuum systems (2-10 

i n  be l l  jars per system) have been instal led a s  shown i n  f igure 8, 

2,4 Field-effect Test Stat ion 

A recent ly  fabricated f ie ld-ef fec t  t es t  s t a t ion  i s  now i n  service, as 

shown i n  figure 9, and i s  designed t o  test  TFTs mounted i n  vacuum cans, The 

test  s t a t i o n  will t e s t  simultaneously or individually up t o  20 devices i n  

e i the r  of two modes of operation. 

direct-current potent ia ls  t o  the electrodes of the devices, 

The f irst  mode i s  the application of 

The d ra in  

nucrrex~t 2nd. electrode voltages a r e  monitored by panel meters, The second 

mode of operation i s  a sweep voltage applied t o  the source-drain electrodes 

similar t o  tha t  of a curve-tracer oscilloscope. The source-gate voltage or  

nbiaslt may be independently controlled f o r  each device under t e s t ,  A type 575 

t r a n s i s t o r  curve t r ace r  i s  used t o  monitor t h e  output charac te r i s t ics  of t h e  

devices, and may be switched onto individual devices as desired, 

19 



5006.00100-1 

Figure 8. Dual 10-inch Bell Jar Vacuum Systems 
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1 * 5158.00100-3 

Figure 9. Field-effect Test Station 
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205 -asJs 

Although f i e ld  e f fec t  w a s  observed i n  many semiconductor films,the 

ef fec t  was a t  l e a s t  an order of magnitude lower than t h a t  usually found i n  

properly formed CdSe, CdS, and Te films, Same of these materials show the  

poss ib i l i ty  of being eventually developed i n t o  sa t i s fac tory  f ie ld-effect  

triodes; the e f f o r t  involved i n  t h e  optimization of these materials, huwever, 

i s  consddered too great  a t  this t i m e ,  The lack of proper source material  is 

serious, and PSelpar must rely upon the chemical industry because most of the 

materials have not ye t  been made suff ic ient ly  pure. 

The most promising of the  i n i t i a l l y  investigated semiconductor materials, 

CdTe, i n  conjunction with CdSe, CdS, and Te, w i l l  be exclusively and inten- 

s ively studied, It is  the opinion of researchers i n  t h i s  laboratory t h a t  

these materials, i n  combination with a suitable device geometry, hold t h e  

most promise of fabricating a high-frequency t r iode i n  the time a l lo t ted  

f o r  phase A. 

22 



3 ,  METAL BASE TRANSISTOR 

The work on the metal base t ransis tor  has progressed t o  where work on 

the emitter (reverse) junction i s  ready to  be in i t ia ted .  

investigation has shown that  “reversen junctions can be formed by depositing 

CdSe and ZnSe simultaneously from two separate crucibles. The deposition 

temperatures fo r  fabricating the reverse junction are  such that  they w i l l  

not change the character is t ics  of the  f i r s t  junction. 

by subjecting several collector junctions to  heating cycles, i n  the vacuum, 

a t  temperatures i n  excess of the  anticipated reverse junction substrate 

temperatures. 

and a f t e r  the test. 

successfully fabricated f o r  incorporation in to  the complete metal base 

structure.  

materials from di f fe ren t  suppliers resulted i n  junctions of widely varying 

;==.qert-ies, 

directed toward the evaluation of  these materials, 

3.1 Materials Evaluation 

A preliminary 

This was ver i f ied 

All the junctions exhibited the same character is t ics  before 

Because of these resu l t s ,  48 col lector  junctions were 

During this work, however, it was noted t h a t  the use of ZnSe 

Therefore, a major portion of the e f f o r t  t h i s  quarter was 

A supply of ZnSe material  frcnn Perm R a r e  Metals, Inc,, Metal Hydrides, 

ZzirsYix Chmical Company, and Kern Chemical Corporation has been investigated, 

The evaluation of these materials was performed by comparing the character- 

i s t i c s  of the junctions formed by depositing mixtures of these various ZnSe 

materials with CdSe from L, Light and Company. 

Because the properties of the various ZnSe materials varied somewhat, 

an ttoptimumlt s e t  of deposition parameters was found for  each material, and 
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the evaluation was based on junctions formed by aoptimum,'8 ra ther  than 

identical ,  deposition conditions e 

from each ZnSe material. 

formed from each one of the ZnSe materials a re  shown i n  f igure  LO, 

A t  l e a s t  80 junctions were fabricated 

The I - V  character is t ics  of a typical  junction 

Figure 10% shows the character is t ics  of a junction formed by using 

These junctions are easily reproduced ZnSe from Penn Rare Metals, Inc. 

and exhibit  the following typical properties: reverse breakdown voltage = 

8-10 volts; forward breakdown voltage = 003-006 volts ;  s t a t i c  rec t i f ica t ion  

r a t i o  = lo4 -10 5 a t  008 volts;  leakage current "pa a t  a reverse bias of 

4 volts ;  and forward resistance 2 100 ohms. 

excellent shelf l i f e  and operational s t a b i l i t y  a t  room ambient. 

These junctions a l so  exhibit  

Figure lob shows the  character is t ics  of a junction formed by using 

ZnSe from Metal Hydrides, Inc, 

duce and exhibit  the following typical properties: 

5-6 volts ;  forward breakdown voltage = 2-3 volts;  s t a t i c  rec t i f ica t ion  r a t i o  = 

lh a t  3 volts; leakage current "lp a t  a reverse bias of 4 volts;  and forward 

resis tance 5 500 ohms. 

but t h e i r  operation i s  characterized by a slow response t o  applied voltage. 

This ,is indicative of a large concentration of deep trapping levels. 

These junctions a r e  very d i f f i cu l t  t o  repro- 

reverse breakdown voltage = 

These junctions e ~ i b i t  good shelf-l ife s t ab i l i t y ,  

Figure 1Oc shows the character is t ics  of a junction formed by using 

ZnSe from Hwshaw Chemical Company. 

t o  reproduce and exhibit  the following typica l  properties: 

down voltage = 3-b05 volts;  forwad breakdown voltage = 0,4-0,8 volts;  s t a t i c  

r ec t i f i ca t ion  r a t i o  = l& a t  1 volt;  leakage current22pa a t  a reverse bias 

These junctions a re  fairly d u f i c u l t  

reverse break- 
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0.5MA/DIV - VERTICAL 
lV/DIV - HORIZONTAL FORWARD BIAS { 

REVERSE BIAS 
O.OlMA/DIV - VERTICAL 
lV/DIV - HORIZONTAL 

SCALE: 

(a) PENN RARE METALS INC. (b) METAL HYDRIDES 

(c) HARSHAW CHEMICAL CO. (d) KERN CHEMICAL CORP. 

Figure 10. Characteristics of CdSe-ZnSe Rectifiers Using ZnSe From 
Different Suppliers 
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of 4 vol ts ;  and forward resistance 

excellent shelf l i f e  and operational s t ab i l i t y  a t  room ambient. 

500 ohms. These junctions exhibit  

Figure 1Od shows the character is t ics  of a junction formed by using 

ZnSe from Kern Chemical Corporation. 

investigated and indicate tha t  they are f a i r l y  easy t o  reproduce. 

junctions formed from this material exhibit the following properties: 

reverse breakdown voltage = 6 vol ts ;  forward breakdown voltage = 0.3-0,8 

volts;  s t a t i c  rec t i f ica t ion  r a t i o  = 104-105 a t  1 volt;  leakage current 

- lpa a t  a reverse bias  of 4 volts;  and forward resistance 200 ohms. 

The deposition parameters f o r  these junctions are s t i l l  being optimized. 

These junctions are  presently being 

Some 

L 

The materials investigation has shown tha t  ZnSe from Pew Rare Metals, 

Inc,, i s  compatible with CdSe from Lo Light and Company for  forming tran- 

s i s t o r  quality junctions, 

from Kern Chemical Gorp. w i l l  also be suitable. 

Preliminary studies indicate t ha t  ZnSe material  

ZnSe from Harshaw Chemical Company forms junctions with r e l a t ive ly  low 

reverse breakdown voltages. 

t o  reproduce. 

tively low reverse and forward breakdown voltages. 

d i f f i c u l t  t o  reproduce, these junctions a l so  indicate the presence of deep 

trapping levels. 

unsuitabbe. 

with CdSe from a different  supplier f o r  forming junctions with desirable 

properties. 

Junction parameters are a l s o  fairly d i f f i c u l t  

ZnSe from Metal Hydrides, Inc., forms junctions with rela- 

Along with being very 

Therefore, materials from these suppliers are ,judged 

It is noted, however, t h a t  these materials might be compatible 

No e f f o r t  w i l l  be directed toward this investigation. 
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3,2 Junction-stability Investigation 

Seventy-five junctions a re  presently being shelf- l i fe  tes ted,  These 

junctions were formed from Penn Rare Metals, Inc., ZnSe. The junctions a re  

unprotected, and are stored a t  normal ambient conditions. 

there have been no junction f a i lu re s  and the i r  I-V character is t ics  have 

remained stable within experimental error. 

After 2500 hours, 

Five junctions were operated continuously a t  room ambient. A f t e r  120 

hours, no change was noted i n  the i r  I-V characterist ics.  These five junc- 

t ions were then returned t o  shelf-l ife tes t ing a f t e r  the 120 hours of con- 

tinuous operation. 

any of the junctions, 

3.3 

To date, no change i n  parameters has been observed i n  

Temperature Dependence of Junction Parameters 

The temperature dependence of the junction parameters was of i n t e re s t  

f o r  two specific reasons: 

t i ona l  mechanism and (2)  t o  determine whether the junctions could withstand 

the tmprat.n_rres required f o r  the fabrication of the reverse junction. 

(1) t o  a id  i n  the  determination of the  opera- 

Figure 11 shows the reverse 

a CdSe-XnSe r e c t i f i e r  (ZnSe from 

this junction). T h i s  sample was 

of about mm Hg and was kept 

and forward bias temperature behavior of 

Penn Rare Metals, Inc., was used t o  form 

heat cycled i n  the vacuum a t  a pressure 

a t  each temperature f o r  approximately 

one-half hour t o  a t t a i n  equilibrium. 

hour a t  16OoC. 

operated 

The sample w a s  then stored f o r  one 

During this en t i r e  test, the  sample was being continuously 
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0.2MA/DIV - VERTICAL 

0.5V/DIV - HORIZONTAL 

O.OlMA/DIV - VERTICAL 

lV/DIV - HORIZONTAL 

(a) 25OC (b) 46OC 

0.01 MA/DIV 

lV/DIV 

0.2MA/DIV 

0.5V/DIV 

(c) 6OoC (d)  9OoC 

O.OlMA/DI V 

lV/DIV 

0.2MA/D I V 

0.5V/DI V 

C.0 1 MAID IV 

!V/DlV 

0.2MA/DIV 

0.5V/D I V 

Figure 11. Variation of Junction Parameters with Temperature 
(Sheet 1 of 2) 
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0.01 MA/DIV 
lV/DIV 

0.2MA/D I V 
O.SV/DIV 

(e) 106'C (f) 128'C 

u*2MA,'D i 'v' 

I V / U I  v' -. * ,-,, 

0.2MA/DI V 

O.SV/DI V 

0.01 MA/D IV 
lV/DIV 

0.2MA/D I V 
O.SV/D I V 

0.2MA/DI V 

O.SV/DIV 

0.0 1 M A/D I V 

lV/DIV 

(g) 160'C (h) 25'C END OF CYCLE 

Figure 11. Variation of Junction Parameters with Temperature 
(Sheet 2 of 2) 
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0.01 MA/DIV 
lV/DIV 

0.2MA/D I V 
0.5V/DIV 

(e) 106OC (f)  128OC 

0.2MA/DIV 
lV/DIV 

0.2MA/DI V 

0.5V/DI V 

0.01 MA/D IV 
lV/DIV 

0.2MA/D I V 
0.5V/DIV 

0.2MA/DI V 
O.SV/DIV 

O.OlMA/D IV 

lV/DIV 

(9) 16OoC (h) 25OC END OF CYCLE 

Figure 11. Variation of Junction Parameters with Temperature 
(Sheet 2 of 2) 
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The var ia t ion with temperature of the leakage current and the forward 

breakdown voltage,are given i n  table  I. 

A signif icant  r e su l t  of t h i s  t e s t  i s  the r eve r s ib i l i t y  of t he  junction 

parameters with temperature. 

caused no permanent damages o r  changes. 

and l l h  shows the junction parameters t o  be ident ica l  before and a f t e r  the  

heat cycle. The a b i l i t y  of the junction t o  withstand storage i n  vacuum a t  

16OoC without change makes it compatible with the anticipated fabrication 

temperatures of t he  reverse junction, 

Storage i n  vacuum f o r  one hour a t  16OoC 

A comparison between f igures  1la 
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Table I 

VARIATION OF JUNCTION PARAMETERS WITH TEMPERATURE 

Temperature Leakage current Forward breakdown 
(OC) a t  eV (va) voltage (Volts) 

25 

46 

60 

90 

106 

128 

160 

0.60 

0 .50 

0.45 

0.30 

0.25 

0.15 

0.05 
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4 DIELECTRIC INVESTIGATION 

In the first Quarterly Report, it was shown tha t  capacitors a t  high 

frequencies could behave l ike inductors i f  their  geometry is not taken in to  

consideratian, For the borosil icate d ie lec t r ic  film, the t rans i t ion  length 

between capacitive and inductive behavior ( transmission-line length of 

f o r  300 mc) of thin-film capacitors was found t o  be approximately 1 2  centi-  

meters. Thus, a t  l e a s t  theoretically, a thin-film capacitor should provide 

capacitive reactance up t o  300 mc f o r  a l l  lengths up t o  1 2  centimeters. The 

area of a capacitor i s  a fac tor  t o  be considered i n  the design of capacitors 

+ 

of spec i f ic  capacitance values, For large values of capacitance, where 

capacitor length approaches the quarter wavelength of the equivalent trans= 

mission line, the geometry must be considered w i t h  respect t o  the length-to- 

width r a t i o  and the connection point of the leads. Rectangular capacitors 

with dimensions of 12 cm x 6 cm would have a higher upper-frequency limit 

if the leads were placed on the long side of the p la tes  so t h a t  the length 

is 6 cm and the width 1 2  cm, 2 This has been shown by Dukes. Because thin- 

film capacitors w i l l  be much less than 1 2  cm i n  length, hawever, these 

c r i t i c a l  geometry considerations a re  not considered t o  be necessary f o r  

operation up t o  300 me. 

4 1 Capacitor-f requency Measurements 

"he fabrication and tes t ing  of high-frequency capacitors were under- 

taken this quarter. 

d i e l ec t r i c s  i n  the production evaporation system. 

Capacitors were fabricated with - both S i0  and borosil icate 

The capacitor plates  were 

evaporated alminum, These capacitors had values of 80 and 120 pf respectively, 
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The anticipated method of evaluating these capacitors was by using the 

Boonton, l 9 O A , Q  meter. 

factory fo r  making capacitance measurements by e i the r  pa ra l l e l  or se r ies  

techniques above 70 megacycles. 

high-f requency silver/mica capacitors deviated dras t ica l ly  from their  expected 

values above t h i s  frequency. 

capacitors increased rapidly w i t h  frequency unt i l  the reactance eventually 

appeared inductive t o  the Q meter. 

f o r  standard high-frequency capacitors indicated that,  a t  frequencies above 

about 70 mc (the upper-frequency limit depends on the value of capacitance), 

the Q meter was incapable of accurate capacitance measurement f o r  these 

values of capacitance. 

t a t ion  of capacitor behavior. 

This instrument w a s  found, however, t o  be unsatis- 

Thin-film capacitors as well a s  commercial 

The apparent capacitance f o r  both types of 

This deviation from the expected behavior 

Below 70 mc, the Q meter gives an accurate represen- 

A s  an al ternat ive approach t o  this problem, the c i r c u i t  i n  figure 1 2  

was employed. The marker generator is a Hewlett-Packard, model 608-~, V" 
Yiglai genaraiui%. m--  ------ ----..--- ------+A- in - ie---ia --aai ?oo!A 

using a model D-50 detector, and the display i s  s h m  on a Tektronix, type 

541, oscilloscope with a type 53-B plug-in unit. 

between the sweep output of the sweep-frequency generator and the detector. 

The voltage a t  the detector is dispiayed on ?ne vertieai axis of the escil- 

loscope, 

harmonics of the marker frequency and, thus, give frequency reference points 

on the oscilloscope sweep. 

9 -'~"-"- Y A l l -  awoOp-L& p%UUXlbJ 6 G A L U . L  U W V A  AU U V Y I  a. V I -  

The sample i s  connected 

The resul t ing %l ipsn  correspond t o  the primary subharmonics and 

When a shorting bar (1.0" X 0.h" X O.OIOtt platinum sheet)  is placed 

between the sweep output and the detector, the voltage output from these 
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GENERATOR 

I ? I  1 RFOUTPUT 
1 , I,SWEEP OUTPUT 

0 
SWEEP GENERATOR 

0 0 0 ~ 0 0 0  ? O  SCOPE 
b v  t 

Figure 12. Block Diagram of High-frequency Capacitor Evaluation 
Equipment 
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i terminals i s  displayed d i r ec t ly  as a function of frequency on the oscilloscope. 

This display is  shown i n  figure 13a. 

mc t o  400 mc with the 200-mc marker "blipft shown a t  5.8 centimeters. 

subharmonic corresponding t o  100 mc i s  shown a t  2.8 centimeters, the 300-mc 

The bandwidth of the sweep is from 0.1 

The 

hannonic i s  pa r t i a l ly  concealed at  8.3 centimeters, and the 400-m~ marker i s  

shown a t  the end of the trace near 9.9 centimeters. 

display with the shorting bar replaced by a thin-film borosil icate capacitor 

(120 pf )  is  shuwn i n  figure l3b. 

capacitor behaves l i k e  a short  c i r cu i t  t o  a l ternat ing current a l l  the way t o  

A similar oscilloscope 

Note tha t  from approximately 50 mc the 

400 mc. 

14 ( a  and b) shows similar photographs of oscilloscope displays with the 

platinum shorting bar and a thin-film Si0 capacitor respectively connected 

This i s  an indication of excellent capacitor performance, Figure 

to  the sweep generator, 

markers faintly located a t  100 mc (3.2 cm), 200 mc (5,6 cm), 300 mc (7.6 cm), 

"he bandwidth i s  again 0.1 mc to  LOO mc, with 

---A l.nn _ _  f n  n -,\ 
4 U W  \ /  0, . 

Figure 1s (a and b) shows oscilloscope displays w i t h  the snorting bar 

and a standard 100-pf mica capacitor respectively ccmnected to  the sweep 

generator, The bandwidth here i s  0.1 t o  430 mc, with markers a t  50 mc 

(1.3 a), 100 m c  (2,5 cm), 200 mc (5.1 cm), 300 mc  (7 , l  cm), and 400 mc 

4. 2 Conclusions 

The resu l t s  of the study indicate t h a t  the thin-film capacitors behave 

as w e l l  as standard, commercially available, high-frequency capacitors a t  

high frequencies and there should be absolutely no problem with thin-film 
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0 

b 

Figure 13. Oscilloscope Display of AC Voltage Passed as Function of 
Frequency by (a) Shorting Bar and (b) Thin-film Borosilicate 
Capacitor 
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HORIZONTAL: 0.1 TO 400MC 

VERTICAL: 0.2 VOLTS/CM 

b. 

Figure 14. Oscilloscope Display of AC Voltage Passed as Function of 
Frequency by (a) Shorting Bar and (b) Thin-film Si0 Capacitor 
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capacitor operation a t  frequencies up t o  400 mc. 

seen for all capacitors i s  an indication tha t  the capacitors are not  shorted 

and that they are  blocking low-frequencya-cvoltage. 

would extend th i s  cutoff t o  s t i l l  lower frequencies, 

difference i n  the frequency behavior between Si0 and the borosi l icate  thin- 

f i l m  capacitors i n  th i s  frequency range, 

capacitors are preferred, however, over the Si0 capacitors because of t h e i r  

higherd-c resistance, higher d ie lec t r ic  breakdown strength, and be t t e r  

temperature stability, 

The low-frequency cutoff 

larger-valued capacitors 

There is no detectable 

“he borogilicate thin-film 
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5. INDUCTORS 

5.1 General 

Table I1 gives the inductance and associated equations t h a t  have been 

used i n  this program. 

experimental r e su l t s  achieved a t  this fac i l i t y ,  as explained i n  the  notes. 

Some of the equations have been modified by the  

The purpose of t h i s  inductor investigation has been t o  determine the  

f e a s i b i l i t y  of using thin-film inductors, This means achieving usable 

Q values a t  the desired frequencies, Also, the  values of inductance a t  

low frequencies must be large enough to  ensure the  use of reasonably-sized 

capacitors. 

5.2 Frequency 

The problems of forming a useful inductor are  d i f fe ren t  a t  the fre- 

quency extremes and, therefore, are divided in to  two sections, 

5.2.1 High Frequency 

The l imiting factor  for a high-frequency inductor i s  the length of 

conductor that forms the  co i l ,  Combining equations (4) and. is), using 

300 megacycles per second fo r  fo (actual) and solving f o r  the corductor 

length @>, yields  a maximum conductor length of 3.24 inches f o r  an actual  

self-resonant frequency a t  300 megacycles per second. Therefore, t o  use a 

thin-film inductor a t  300 megacycles per second, tlm conductor length must 

be less than 3.24 inches (2.44 inches fo r  an fo (actual)  of 400 mcps). 

T h i s  length i s  the 1-ting factor on the inductance that can be achieved 

a t  high frequencies,, 
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Table I1 

INDUCTANCE EQUATIONS 

(All equations refer  t o  figure 16) 

a )  Flat ,  spiraling, square coi ls ;  general 

L = O.I-41 log 8 (mjxrohenries) 

A + B  
a = --zr (inches) 

A - B  
2 6 =-  (inches). 

(or combined) 

A+B 
L ,= o.035(A+B)n5'3 log (4 m) (microhenries) (1 1 

( 2 )  L (actual) = 1.28L (equation 1) 

$ = $ + L2 + K d L l L 2  ( 3 )  

c 0 .1 .48~10~~  
(cycles per second (4) 4l.J.r R f o  ( theoret ical)  = 

fo [g.ct,iial) = 0.66f, (theoretical)  
" 

2 m  Q -  
Rcoi l  

(7)  

b) Flat ,  spiraling, square co i l s ;  with inner diameter equal t o  zero 

L = 0,213 An5I3 (microhenries) (9) 
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A = OUTER "DIAMETER" 
B = INNER "DIAMETER" 
x = CONDUCTOR WIDTH 
y = SPACING BETWEEN CONDUCTORS 
N = NUMBEROF TURNS 
L = LENGTH OF CONDUCTOR IN COIL 

Figure 16. Thin-film, Flat, Square Spiraling Inductor 
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c >  Definition of terms 

A =  

B =  

n =  

I T "  

K =  

fo  - 
I =  
c -  

f =  

L =  

c =  
= 'r 

Reoi l  

d =  

p =  

u =  

X f  

Y =  

outer "diameterrt (inches) 

inner "diameter" (inches) 

number of turns i n  c o i l  

t o t a l  inductance 

mutual inductance coupling coefficient 

self-resonant frequency of c o i l  (cycles per second) 

velocity of l i g h t  i n  f r e e  space (inches per second) 

length of conductor i n  c o i l  (inches) 

frequency (cycles per second) 

inductance (microhenries everywhere except henries i n  equation 6)  

capitance (Farads) 

substrate d ie lec t r ic  constant 

= t o t a l  resistance of c o i l  (ohms) 

skin depth (meters) 

permeability (henry per meter) 

conductivity (mho per meter) 

conductor width (inches) 

spacing between conductors (inches) 

d )  References 

Equation 1; reference 3. 

Equation 4; reference 2 ,  

Equation 8; reference 4. 

Equation 1Q; reference 5. 

Equation 11; reference 5. 
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e )  Notes - 
Equation l i s  an empirical formula developed by Bryan 3 for  printed- 

c i r cu i t  inductors. The results of forming coi ls ,  i n  the F i r s t  Quarterly 

Report, show that this equation was valid f o r  t he  larger-spaced inductors. 

However, when forming inductors using 10-mil l i nes  and 10-mil spacing 

(figure 171, equation 2 gives the corrected empirical inductance equation. 

Also shown i n  the  F i r s t  Quarterly Report i s  the derivation of a mean 

"velocity factor"  from the experimental resu l t s .  This ltvelocity factor" 

of 0.66 is  used t o  form equation 5. 
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Outer diameter = 0.4 inches 
Conductor width = 0.010 inches (10 mils) 
Spacing between conductors = 0.010 inches (10 mils) 
Inductance = 0.5 microhenries 
Q at 30 megacycles = 10 

Figure 17. Thin-film Inductors (Completely Vacuum Deposited) 
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For example, a one-turn c o i l  w i th  an outer diameter ( A )  of 0.6 inch 

and an inner diameter (B) of O o 5  inch would be 2,k inches long i f  the square 

loop were closed. 

w i l l  be open and connections can be made. 

i n  an inductance of 0,064 microhenry. 

using a length of 2.4 inches results i n  a conductor of 48 squares, 

resistance of 0,Ol ohm per square, the d-c resistance of the c o i l  w i l l  be 

0.48 ohm. 

w i l l  not be t rue because of the skin effect)  j u s t  f o r  comparison, the Q of 

the c o i l  a t  300 megacycles per second is  252 (equation 7). 

the capacitance necessary f o r  tank c i r cu i t  resonance a t  300 megacycles is 

only 4.4 picofarads (equation 6), 

would be desirable t o  actual ly  decrease the inductance f o r  use a t  300 mega- 

cycles . 

Obviously, it w i l l  be s l igh t ly  shorter so  tha t  the loop 

Using equation ( l ) ,  this re su l t s  

If the conductor width i s  50 mils, 

A t  a 

If the d-@ resistance is used fo r  the high frequencies ( t h i s  

More important, 

This capacitance i s  s o  small that it 

This same inductor can be examined a t  lower frequencies. If the d-c 

resistance i s  again used fo r  comparison only, solving equation (7 j ,  using 

0.064 microhenry, the resistance of 0,48 ohm and a Q value of 10, w i l l  

r e su l t  i n  a frequency of 12  megacycles, 

this c o i l  has a Q of 10 and w i l l  resonate i n  a tank c i r cu i t  a t  t h i s  f r e -  

quency with a capacitance value o f  27.5’0 picofarads (equation 6). 

no problem involved i n  achievicg more than 10,000 picofarads per square 

centimeter i n  thin-film form, Therefore, this inductor could be used a t  

lower frequencies, par t icular ly  i f  capacitor trimming were desired f o r  

precise tank-resonant frequencies, 

T h i s  means tha t ,  a t  12 megacycles, 

There i s  



5.2.2 Lower Frequencies 

A t  lower frequencies, approximately 30 megacycles, the il-diuctor c o i l  

length i s  a l imit ing factor,  not because of self-resonance, but because of 

the added c o i l  resistance which l imits  the at ta inable  Q values. It i s  

possible t o  obtain four times the inductance of a c o i l  by using two c o i l s  

i n  se r ies  aiding and having them mutually couple each other with a coupling 

fac tor  of oneo This is shown i n  equation 3. The resul tant  four times the 

inductance value coupled with only twice the resistance values (two c o i l s )  

should r e su l t  i n  a doubled Q factor  a t  any frequency (equation 7)0 There- 

fore, the same inductors discussed i n  the F i r s t  Quarterly Report were 

deposited i n  an e f f o r t  t o  achieve the parameters discussed above. 

The resu l t s  are  shown i n  table 111. The co i l s  deposited on quartz 

substrates without any other depositions were reported i n  the F i r s t  

Quarterly Report; they are repeated here i n  numbers 1, 2, and j0 Numbers 

PA, 2A and 3A a re  co i l s  deposited on opposite sides of  quartz substrates 

vbAeh z re  40 mils thick and connected through the center of t’m YuLsti-ate 

i n  series aiding. 

and one-half the self-resonant frequency actually obtained with single coils 

l i s t e d  under numbers 1, 2,  and 3. 

frequencies actual ly  obtained could a l l  be considered Itball parkts figures 

when compared with the  expected values. 

i n  Q value, which was expected t o  double. 

the two co i l s  were separated and the single-coil measurements am presented 

u d e r  numbers IB, 2B, and 3B. 

The r e su l t s  a r e  compared wi th  four times the inductance 

The inductance values and self-resonant 

There was ,  however, no improvement 

A s  a check on the experiment, 

These values (lB, 2B, and 3B)  d i f f e r  from 
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Table I11 

INDUCTOR VALUES 

Substrate 

1 

2 

3 

Substrate 

LA 

28 

3A 

Substrate 

1B 

2B 

3B 

Notes: - 

Conductor Outer Inner 
width Space diameter diameter 

Substrate (mils) (mils) (mils) (mils) 

1 25 25 008 0 

2 35 15 008 0 

3 15 35 008 0 

Theoretical Actual Q 

00544 105 00602 74.7 11.5 

Up) f&C> fo(mc> (3omc) 

1, 

2, 

Englehard quartz substrates (one inch square and 40 mils thick), 

All values measured at 30 mc, 



L e i r  counterparts (1, 2, an( 3) by having s l igh t ly  higher inductance with 

s l i gh t ly  lower self-resonant frequencies and Q values. 

by the f a c t  t h a t  there  is a metal deposition on the other s i d e  of the sub- 

s t r a t e  (the other co i l ) ,  and t h i s  should a f fec t  the  measured c o i l  i n  the 

manner noted above. 

i f  not double, a t  l e a s t  increase?" 

losses incurred i n  the mutual coupling through the  quartz medium are  lower- 

ing the  Q. 

nquality factor" i s  used. 

T h i s  can be explained 

The unexplained question i s  Why didn ' t  the  Q factor, 

The immediate observation i s  tha t  t he  

T h i s  theory seems loglcal  when the actual def ini t ion f o r  the 

2rr t o t a l  energy s to red  
Q ,= energy dissipated per cycle 

Therefore, any added losses, which could be i n  the coupling, would tend t o  

decrease the Q value, It also should be noted here tha t  attempts to  stack 

co i l s  in ser ies  aiding, separating them with 20,000 angstroms of s i l i con  

monoxide, were not successful since the inductive e f fec ts  were swamped out 

by t h e  capacitance between the coils. 

The substrates with co i l s  on ei ther  side, howevero demonstrate suf- 

f i c i e n t  coupling t o  warrant further investigation f o r  possible low-power 

transformer applications. 

5.3 Resistivity 

The importance of the "skin depth" phenomenon of increasing the fi lm 

resis tance as a function of  frequency was presented i n  the F i r s t  Quarterly 

Report, 

conductivity and permeability of the  t h i n  film of copper a re  the  same as 

the  bulk values, 

The calculated par t  of equation 8 holds t rue  only as long as the 

The r e s i s t i v i t y  (the reciprocal of the  conductivity) of 
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copper f i l m s  a t  l e a s t  10,000 angstroms thick has been found t o  equal bulk 

res i s t iv i ty .  

films drops t o  bulk value i s  probably about ZOO0 angstroms. 

fi lms used i n  formation of inductors, however, should be a t  l ea s t  17,240 

angstroms thick since this is the thickness required to  obtain a sheet 

resistance not greater than 0.01 ohm per square. 

t o  obtain f a i r l y  reasonable Q values. 

thickness i n  the following manner: 

The minimum thickness for  which the r e s i s t i v i t y  of copper 

A l l  conductor 

T h i s  value i s  necessary 

The r e s i s t i v i t y  i s  related to film 

p i= 0.01 R'd 

p = r e s i s t i v i t y  (microhm-cm) 

R '  = sheet resistance (ohms per square) 

d = film thickness (angstroms) 

Since the  films are thick enough t o  have bulk res i s t iv i ty ,  it i s  assumed 

t h a t  t h e y a l s o  have bulk permeability; therefore, bulk values are used i n  the  

calculations concerning skin depth. 

5.4 Conciusiorls 

Stress  was placed t h i s  quarter on attempting t o  increase the inductance 

per un i t  area, and i n  the evaluation of commercial inductors s o  that the 

f e a s i b i l i t y  of thin-film inductors could be more r e a l i s t i c a l l y  ascertained. 

The r e su l t s  were tha t  the commercial inductors f o r  frequencies around 300 

megacycles per second were on the order  of 0.05 microhenry, j u s t  as the  

thin-film inductors. The attempt a t  increasing the inductance and Q by 

stacking inductors was only par t ia l ly  successful. 

obtained, however, t o  encourage further investigation of i so la t ion  coupling 

of low-power signals . 
Sufficient coupling was 
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Ne& quarter, work will be done on forming small-value inductors fo r  

use a t  high frequencies. These induc- 

t o r s  can be used a t  lower frequencies because the short  length of conductor 

forming the c o i l  r e su l t s  i n  very low total  resistance,  which w i l l  r e s u l t  i n  

usable Q values. 

s o  t h a t  the actual  a-c resis tances  as a function of conductor wid th  can be 

studied. 

The masks a re  now being fabricated. 

These co i l s  are  being formed w i t h  various conductor widths  



60 HIGH-PERMEABILITY FERRITE FILMS 

6.1 Introduction 

The methods of vacuum depositing f e r r i t e  f i l m s  were described i n  the  

F i r s t  Quarterly Report. The techniques developed during t h a t  period have 

been proven successful, and no notable changes were incorporated. 

The investigations of t h i n  f e r r i t e  f i l m s  are progressing sa t i s fac tor i ly .  

The results achieved, however, during the past  quarter have not ye t  been 

t ranslated t o  the  prac t ica l  stage of inductor formation and evaluation. The 

fabricat ion of the  magnetic dr ive and sense coi ls ,  as w e l l  as the  assembly 

of t h e  electronic equipment, proved t o  be a ser ies  of exacting tasks.  These 

r e su l t s  are explained more fu l ly  i n  t h i s  section. 

6.2 Phvsical Characterist ics of Fer r i te  F i l m  

6.2.1 Fe 0 -B 0 Mixtures -34-2-3 
6.2.1.1 Chemical Composition and Film Structure: The ser ies  o f  Fe 0 3 4- 

B203 mixture18 ranges from 100% t o  90% of Fe 0 t o  0-10$ B 0 by weight were 3 4  2 3  

general appearance of the f i l m s  can be re la ted  t o  i n i t i a l  mixtures. The 

f i l m s  formed from the  100% Fe 0 

decomposition had occurred. 

exhibited a metall ic lus te r ,  and material 

mixbure showed 
3 4  
Films from a 99% Fe304 - 1% B 0 2 3  

a lesser degree of metall ic appearances. The 95% Fe304 - 2~ +d TI u2w3 n -..- and 902 , - ,- 

Fe 0 - 10% B 0 mixtures resulted i n  f i l m s  t ha t  were dark and exhibited the  3 4  2 3  
fe r r i te  s t ructures  as described i n  the F i r s t  Quarterly Report, The degree 

of f i l m  c r y s t a l l i n i t y  increased with high substrate temperatures. 

imum substrate  temperature was  75OoC . 
The max- 



Because it was possible tha t  the magnetic properties of the f i l m s  may 

be due t o  free o r  elemental Fe ( the reduced s t a t e  o f  Fe 0 ) i n  the f i l m ,  a 

95% Fe304 - 5% B 0 f i l m  was chemically analyzed f o r  Fe content. 

ard technique, which i s  sensit ive,  was employed. 

s i l ica  substrate was immersed i n  a solution of f e r r i c  chloride solution f o r  

31r 
The stand- 2 3  

The f i l m  on the fused 

three days. 

ferrous chloride. 

The purpose was tha t  t he  f e r r i c  chloride would oxidize to  

Thus, by calibrating a standard solution by means of 

t i trating the  ferrous chloride, the amount o f  f r e e  i ron  can be determined. 

The measured value of  t he  f e r r i t e  f i l m s  w a s  l e s s  than 100 ppm, which was 

the  minimum detectable l i m i t  of  the  calibrated solution. These resu l t s ,  

although not comprehensive, ver i fy  the previous findings. 

6.2.1.2 Optical Reflectance Spectra: The f i l m ' s  s t ructure  was studied 
0 

by means of op t ica l  reflectance spectra from 2000 A t o  15-microns wavelength. 

The f i l m s  were analyzed respectively on a Gary 15 spectrophotometer and a 

Rer-kman I R  SA spectrophotometer. 

f o r  t he  v is ib ie  azd infrzred regions. 

the  reflectance curve of bulk Fe 0 

same tracing is  the  reflectance curve obtained from the vacuum-deposited 

.I."* *--if.e .. - - _  f i l m s .  The 

band a t  510 ml~.  of t he  bulk sample does not have an exact agreement wiiii t he  

f i l m ;  t he  band i n  the  f i l m  appears a t  about 530 mp ra ther  than 510 mp,- The 

ref lectance spectra of the f e r r i t e  f i l m  i n  the  infrared region (2-151,) show 

The r e s u l t s  are shown i n  f igures  18 and 19 

The smooth l i n e  curve i n  2igiiI.a 18 is 

On the 6 obtained by Vratny and Kokalas. 3 4  

The bands a t  390 mp and 580 mw show good agreement. 

s t ruc ture  and a strong absorption peak a t  2 . 7 ~  with other less pronounced 

peaks a t  3.7p, k&p, and 4.85~. The data  presented i n  the  infrared region 
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Figure 18. Reflection Spectra of Feg04 
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Figure 19. Double-beam Reflection Spectra of Fe 0 3 4  
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is  believed t o  be new i n  that  t h e  infrared reflectance spectra studies have 

not been found i n  the l i t e ra ture .  

6.2.2 Fe203-B203 Fer r i te  Films 

An ef for t  w a s  made t o  obtain comercial  sources of Fe304 material  

tha t  would have a higher degree of purity. 

were not as successful as expected. 

was obtained from Koch-Light Lab., LM., England. 

Surprisingly, these e f fo r t s  

An Fez03 powder of 99.995%, however, 

The material is  red and 

nonmagnetic. Spectrographic analysis of  the material showed t h a t  no impuri- 

t ies  were detected, 

95% Fe203 - 5% B203 was deposited from a tungsten boat onto the ends of 

graphlte electrodes. 

have O.Ol-O.OS% boron, 0.001-0.00~% phosphous, and 0.5-4.0% tungsten. 

The m i n i m u m  detectable l imi t  i s  0.001%. A mixture of 

The spectrographic analysis showed that the  film did 

The 

boron impurity was expected t o  appear, but not the phosphorous. 

ance of  t he  stronger amount of tungsten indicates t h a t  Fe203 may exhibit  

some degree of reaction with the  tungsten boat. 

The appear- 

The following impurities 

were searc'md, =--A uut, -A+ U U ~  u G u G u u u u :  r ln+nn+oA Sb, AS, Ba, B i ?  C r ,  CO, CU, Pb, Li, 

Mg, Mn, Mo, N i ,  S i ,  Ag, Na, Ta, Sn, V, and Zn. 

Mixtures of  Fe2O3 - B2O3 ranged respectively from 100$-@, 99$=1%, 

?s?-s?, and 90$-10% by weight. 

995&-1$ mixtures were metall ic and low res i s t iv i ty .  

mixtures resulted i n  films that were dark and responded t o  a d-c magnetic 

The result ing films of t h e  lOO%-0$ and 

The 95%-55& and 90%-10% 

f ie ld .  

d i f f rac t ion  l ines  f o r  the samples regardless of treatment. 

The X-ray spectrographic curves of the films did not show any 

Films from the 

various mixtures were deposited on fused s i l i c a  substrates a t  temperatures 
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0 
of 2OO0C, 4OO0C, 500°C, and 700°C. 

3.5~. 

structure.  

The thicknesses ranged from 3000 A t o  

I n  each of the cases, none of the fi lms exhibited any crystal l ine 

The implications are  t h a t  e i ther  t he  films are  amorphous or 

consist of a microcrystalline structure undetected by X-ray diffract ion 

techniques. Each of the films, however, w a s  magnetic. Therefore, one 

major difference of Fe3O4 -B203 and Fez03 - B203mixtures used i n  the  vacuum 

deposition of the films i s  that ,  under ident ica l  deposition conditions, the 

resul t ing films of the Fe3% mixtures do exhibit  some degree of c rys ta l l in i ty ,  

whereas the Fe203 mixtures do not exhibit any degree of c rys ta l l in i ty .  

c rys t a l l i n i ty  and lack of it cannot be explained a t  this t i m e  f o r  the two 

mixtures . 

The 

6,2.2.1 Magnetic Properties: The magnetic properties of t h e  films 

have only been pa r t i a l ly  investigated. This is  due t o  two factors:  (1) the 

in i t ia l  emphasis has been t o  surmount the problem of  depositing a f e r r i t e  i n  

a vacuum without posttreatment; and ( 2 )  the measuring equipment, including 

the experimental magnetic drive and sense co i l s  and proper assembly of 

electronic equipment, was not yet completed, 

An attempt was made t o  determine dynamic B-H loops (flux density as  a 

function of sinusoidally varying magnetizing force) f o r  the magnetic films. 

The electronic t e s t  setup i s  shown i n  f igure 20. The purpose of the RC net- 

work i s  t o  integrate the s i g n a l  from the c o i l  s o  t h a t  ve r t i ca l  deflection on 

the oscilloscope i s  proportional t o  flu density, Bo  It was found that the 

RC network resulted i n  too much attenuation of the signal; therefore, it has 

been temporarily removed u n t i l  a suitable amplifier is available to  amplify 
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Figure 20. Dynamic B-H Loop Test Setup 
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the  sensing c o i l  signal. 

proportional t o  t h e  time rate of change of flux density, dB/dt, f o r  the 

data  taken thus far. 

Consequently, the ve r t i ca l  scope def lec t ion  is  

The horizontal scope deflection i s  proportional to  the  magnetizing 

force, H, of the driving c o i l  because the voltage supplied to the horizontal  

input t o  the  scope i s  proportional t o  the current (or ampere-turns) i n  the 

driving co i l ,  

Thus, the  oscilloscope t r ace  represents dB/dt VS. H, This curve is 

useful f o r  comparison because t h e  vertical amplitude i s  proportional t o  

permeability (p = dB/dH) a t  a fixed frequency f o r  d i f fe ren t  core samples. 

The core samples, i n  t h e  form of a square plate,  are mounted i n  contact 

with the  driven or sensing c o i l  (planar f igure ‘*8# configuration 7 ) shown 

i n  f igure  21, The dr iving c o i l  i s  a modified four-ring Helmhola c o i l  7 

driven by an audio osc i l la tor  and amplifier. 

It was f o d  that fi lms must be a t  least 3000 thick t o  produce a n  

appreciable G?!d$ response i n  the  above t e s t  apparatus f o r  f requemies 

between 20 and 20,000 cpsg although a l l  the f i l m s  produced were a t t rac ted  

t o  d-c magnets. 

Figure 22 (a and b) shows dB/dt versus H curves f o r  a bulk ncickel f o i l  

core and an evaporated f e r r i t e  f i l m  tested i n  the above apparatus a t  600 eps, 

The magnetic properties of t h i n  nickel f i lms are  very similar t o  bulk char- 

ac te r i s t i c s ;  thus, the  nickel f o i l ,  which i s  1 2  microns, can be used as a 

comparative standard. The ferr i te  film, whtch i s  1,OS rnicr0n.s thick, was 

formed by evaporating a mixture of 95% Fe 0 and 5% B 0 a t  a substrate 3 G  2 3  
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temperature of 2OO0C, T h i s  i s  shown i n  f igure 22a, 

f igure 22b i s  formed from 95% Fe203 and 5% B203 deposited on a substrate a t  

20O0C, 

the switching speed of t he  magnetization of the f i lm i s  fas te r  because the  

dB/dt peaks are  more sharply resolved, (It must be s ta ted here that the  

value of the  magnetic driving f i e l d ,  the H f ie ld ,  i s  not known, and must be 

The f e r r i t e  film i n  

T h i s  film is  1.18 microns thick, I n  figure 22b, it can be seen tha t  

calibrated fo r  measurement of the magnetic properties of  the f e r r i t e  films.) 

The r e su l t s  obtained so fa r ,  a s  stated ea r l i e r ,  have been limited 

because of instrumentation, 

achieved, 

appearst0 be iradependent of the  frequency of the switching f i e l d  of t h e  

driving f ie ld .  

graphs a r e  shown i n  sequence as  a function of frequency, 

was kept nearly as  constant as possible; the gross effect ,  however, was 

sought here. 

200 t o  10,000 epso the posit ion of the peaks i s  independent of the frequency, 

A t  100 cps, t he  peaks a re  smaller i n  magnitude and the coercion force appears 

t o  be s l i g h t l y  diminished, 

20,000 cps, the peak is  not wen resolved. 

t h i s  i s  caused by the less  d r i d n g  current f o r  the Helmholz c o i l ,  

Some significant information, however, has been 

The coercive f i e l d  force causing the switching of the B-H loops 

T h i s  e f f ec t  can be seen i n  figure 23. A ser ies  of oscil lo- 

The driving f i e l d  

The main e f f ec t  is that, i n  the  audio frequency, i r e o ,  from 

A t  10,000 cps, the fi lm becomes lossy, and a t  

It is  believed, however, t ha t  

The dB/dt peaks a s  a function of frequency of the nickel f o i l  a r e  shown 

i n  f igure  24, 

metal f o i l  becomes qui te  lossy at 2000 eps and 10,000 cps, 

no e f f e c t  can be observed. 

however, i s  not suf f ic ien t  t o  obt'ain the saturation magnetization, 

The f e r r i t e  peaks a t  600 cps are  shown f o r  reference, The 

A t  20,000 cps, 

The driving current fo r  the magnetic f ie ld ,  
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The results reported i n  t h i s  section are preliminary i n  context. 

measured properties, such as the c rys ta l l in i ty ,  chemical composition, and 

opt ica l  reflectance spectra, as well as the  magnetic switching dB/dt peaks, 

fully corroborate the  vacuum-deposited ferri te films. 

6,3 Fer r i t e  Core Evaluations 

The 

The application of the  thin-film ferr i tes  as magnetic core material 

The description and r e su l t s  of the  f lat ,  has been b r i e f l y  investigated, 

square, s p i r a l  configuration have been reported i n  t h i s  report  and i n  the 

F i r s t  Quarterly Report; therefore, fur ther  description here has been omitted. 

To obtain gross e f f ec t  resul ts ,  however, a single-turn square c o i l  was used 

f o r  the  following evaluations. 

The c o i l  material was a nichrome-copper laminated conductor, and gold 

wire leads were microbonded t o  the terminal pads. 

was Corning, code 0211, glass. 

The substrate  material  

The c o i l  resistance was 0.2 ohm, and the following charac te r i s t ics  were 

measured and are given i n  tab le  IV. 

190-A, Q meter, 

The data was taken f ru in  Llie S ~ ~ i i t ~ i i ~  

For the e f fec t  of the ferr i te  film deposited d i r ec t ly  onto t h e  c o i l  

having been in i t ia l ly  deposited on the  substrate, it was found t h a t  t he  

resist ivity of the  ferri te was too low t o  obtain capacitance and Q measure- 

ments f o r  t h i s  configuration. 

an insulat ing layer of Si0 pr ior  t o  the deposition of the co i l .  

res i s tance  was 0.8 ohms, which accounts fo r  the lower c o i l  Q value. 

measured values of the  layered ferrite core inductors are shown in t ab le  V, 

Therefore, the ferr i te  f i l m  was coated with 

The c o i l  

The 



Table IV 

ELECTRICAL CHARACTERISTICS OF SINGLELTURN SQUARE C O I L  

f C Q 1 

W C  
L"T- 

mc Pf Ph 

69.2 100 25 0 * 052 

100 47 30 0.054 

200 10 38 0.064 

245 0 

(Resonant 
frequency ) 

44 

66 



Table V 

ELECTRICAL CHARACTERISTICS OF SINGLE-TURN SQUARE 
C O I L  DEPOSITED ON Si0 INSULATED FERRITE FILM 

f C 

InC Pf 

8 1 
2 w c  

L=- 

Ph 

68 100 

100 45.8 8 .o 0.055 

200 11.3 6,O 0.056 

2L8 5 0 

(Resonant 
frequency ) 

5.5 -P 



The e l ec t r i ca l  character is t ics  of the Si0 insulated co i l - fe r r i te  con- 

figuration do not show any inductive effect. 

A n  inductor was fabricated with the single-turn c o i l  deposited first,  

then the Si0 insulating layer, then, finally, the f e r r i t e  film. 

The e l ec t r i ca l  parameters were measured and are shown i n  table  V I .  The 

results here indicate tha t  the SiO-ferrite films do not improve the Q of the 

inductor., 

same frequency, the Q of the SiO-ferrite coated c o i l  does not appear t o  be 

frequency dependent as the uncoated coil. 

Although the capacitances of the two configurations agree a t  the 

The f i n a l  configuration of inductor pattern was as follows: The single- 

turn c o i l  was deposited on one side of the substrate, and then the f e r r i t e  

was deposited on the opposite surface of the substrate, i a e e ,  a X)-mil 

insulat ion glass  substrate separated the c o i l  and the ferr i te  f i l m .  

r e su l t s  are shown i n  table  V I I ,  

t o  the c o i l  without the f e r r i t e  has increased a t  the lower frequencies, and 

m&t.ai_n_ed a nearly constant value independent of the frequencies. 

e f f ec t  was a lso  noted on the c o i l  which was deposited on the Si0 insulated 

f e r r i t e .  The reason f o r  t h i s  effect is not understoodo 

however, t h a t  the magnetic properties of the f i l m s  a re  not being ut i l ized,  

and techniques fo r  increasing the coi l - ferr i te  coupling must be further 

studied. 

The 

The Q of t h i s  configuration with respect 

Zi13 

It is obvious, 

Figure 25 shows graphically the r e su l t s  of the various inductor con- 

figurations i n  layered form. 



Table V I  

ELECTRICAL DATA OF COIL ON SUBSTMTE AND COIL 
COATED WITH Si0 AND FERRITE FILMS 

Coil on substrate alone C o i l  coated with Si0 and ferr i te  f i lms  

f C Q f c Q 

62.7 100 29 62.7 100 24.0 

100 36.9 31.8 100 38.5 29 05 
200 8.7 39 200 8.82 31.0 

223.8 0 4 1  227.5 00 32.0 
( sonant 
frequency ) 
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Table V I 1  

ELECTFiICAL PROPERTIES OF SINGLE-"URN COIL, 
GLASS SUBSTRATE(20-MI9 FERRITE FIIH CONFIGURATION 

f 

mc 

C 

P f 

Q 

69.6 

100 

2 0 0  

250,8 
( R e s  onant 
frequency) 

100 

47.5 

11.1 

0 
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6,4 Iron Core Films 

The investigations were in i t i a t ed  on the formation of iron film. The 

inductors discussed i n  section 5 of th i s  report  were deposited on th in  metal 

f o i l  of high permeability. 

co i l s  were insulated from the metal with a 20,000-angstrom film of s i l i con  

monoxide. The capacitance between the c o i l  turns and the f o i l  swamped out 

a l l  inductive effects .  

This f o i l  is generally used f o r  shielding, The 

This type of f o i l  was a lso placed under substrates with co i l s  on them. 

The data was not noticeably affected The r e su l t s  are given i n  table  VIII. 

by different  substrates. 

value and the Q value, and raised the self-resonant frequencies. 

t ha t  more losses are being introduced t o  the inductor, as w e l l  as some of 

the c o i l  being effectual ly  shunted, 

the obtaining of less inductance w i t h  a higher self-resonant frequency. 

The r e su l t  of the metal f o i l  lowered the inductance 

This means 

Ynis would shosterr the c o i l  and ver i fy  

Tt. is known t ha t  bulk i ron material w i l l  not re ta in  i ts  high-permeabil- 

Obviously, the f o i l  follows %nest: i t y  character is t ics  a t  these ,%quencies, 

bulk properties, 

Whether the very th in  deposited layer of iron w i l l  eliminate the eddy 

e a i ~ a n t  wlc! hysteresis losses has not yet been determined, 

problem of film sauration at t o o l o w  a flux density t o  be useful a l so  remains. 

The possible 

The deposition and evaluation o f  actual  i ron films have been generally 

preempted by the more promising f e r r i t e  f i l m  work. 

way, and the answers t o  the above questions should be answered soon. 

This e f f o r t  is nuw under- 
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Table V I 1 1  

EXZCTRICAL EFFECTS OF SINGLE-TURN COIE 
ON SUBSTRATE ON METAL FOIL 

Notes Coil on substrate alone Coil on substrate on metal f o i l  

- 

Notes: 

A Englehard quartz substrate (40 m i l s  thick) . 
B Self-resonant frequency. 

c Ccm.5.p~ 0211 glass - substrate (20 m i l s  thickj.  

D Self-resonant frequency. 
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6,s Program f o r  the Next Quarter 

The r e s u l t s  presented i n  this section cpncerning the  investigations 

of vacuum-deposited thin-film ferrites are preliminary. 

and magnetic properties of  t h e  films will be measured with the B-H loop- 

The e l e c t r i c a l  

tracer.  The co i l - fe r r i te  layered configuration w i l l  be investigated t o  

obtain a higher degree of magnetic coupling. 

The i ron f i lms are i n  the process of being deposited, and r e s u l t s  

should be determined during this quarter, 

not proved promising fo r  these films. 

So far, investigations have 
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7 , CONCLUSIONS 

Field e f fec t  has been obtained i n  many different  semiconductor films) 

and those which show the most promise of forming a high-frequency TFT have 

been selected. 

f i lm fabricat ion techniques fo r  these semiconductors. 

t rans is tor  and diode e f fo r t s  are progressing nicely. 

are suf f ic ien t ly  developed, t rans is tor  formation will be attempted. 

diode work w i l l  continue independently and w i l l  feed in to  the varacator 

study, 

the program; therefore, t h i s  e f fo r t  i s  considered completed. Inductors 

seem t o  form straightforward, promising, passive components i n  thin-film 

form. Information on fi lm resistance as a function of frequency, as it 

ef fec ts  Q value, w i l l  be obtained, 

high-permeability usage has been encouraging. 

more e f f o r t  Li &zfki,n_g and measuring the magnetic properties of the th in  

films of f e r r i t e  will be expended, 

The work will now emphasize attempting t o  optimize the thin- 

The metal base 

When the junctions 

The 

High-frequency thin-film capacitors w i l l  not present a problem i n  

Ferrite-core research f o r  high-frequency 

During the next quarter, 
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